Pt/Fe 3 O 4 bilayers at cryogenic temperature, and identify a strong dependence of the determined real part of the complex SMC on the interface roughness. We tune the roughness of the Pt/Fe 3 O 4 interface by controlling the growth conditions of the Fe 3 O 4 films, namely by varying the thickness, growth technique, and post-annealing processes. Field-dependent and angular-dependent magnetoresistance measurements sustain the clear observation of SMR. The determined real part of the complex SMC of the Pt/Fe 3 O 4 bilayers ranges from 4.96 × 10 14 Ω −1 m −2 to 7.16 × 10 14 Ω −1 m −2 and increases with the roughness of the Fe 3 O 4 underlayer. We demonstrate experimentally that the interface morphology, acting as an effective interlayer potential, leads to an enhancement of the spin mixing conductance.
In recent years, spin currents have been a topic of intense scientific research because of its potential application in ultra-low power information technologies [1] [2] [3] [4] [5] [6] . In this regard, heterostructures of non-magnetic (NM) metals with strong spin-orbit coupling (SOC) and ferromagnetic insulators (FMI) have emerged as a platform where spin currents can be used, among other spin-related applications [7] [8] [9] , to probe interface magnetism 10, 11 . In NM/ FMI bilayers, the coexistence of the spin Hall effect (SHE), inverse spin Hall effect (ISHE), and the magnetic proximity of the FMI leads to the spin Hall magnetoresistance (SMR) effect 12, 13 . The SMR effect results from the spin currents generated in the NM metal via SHE that are reflected at the NM/FMI interface and converted back to a charge current via ISHE 14 . This additional contribution to the charge current leads to a characteristic dependence of the resistivity on the magnetization of the FMI. The spin accumulation and the spin mixing conductance (SMC) at the interface govern how efficiently the spins flow across it 12 , and consequently have an important role on the magnitude of the SMR 12, 15 . SMR has been demonstrated in Pt/yttrium iron garnet (YIG) bilayers 8, 13 , Pt/Co 2 FeSi 16 , Pt/CoFe 2 O 4 10, 11 , Pt/Fe 3 O 4 15, 17 , among others 15, 17, 18 , with Pt being used as model NM metal due to its large spin Hall angle [19] [20] [21] [22] .
Within the SMR framework, maximizing the magnetoresistance requires increasing the efficiency with which spin currents flow across the NM/FMI interface 8, 9, 12, 15, [23] [24] [25] [26] [27] . In this regard, it has been reported that the SMC of an NM/FMI interface can be enhanced by increasing the magnetic density at the interface. This can be achieved by inserting atomically thin magnetic interlayers [27] [28] [29] , changing the elementary composition, or implanting magnetic impurities at the interface 30, 31 . It has also been predicted that interface morphology can play a key role in the SMC, with first principle calculations of NM/ferromagnetic (FM) heterostructures indicating a generalized increase of the real part of the SMC, G r , with increasing roughness 32 . However, there are few reports clarifying the relation between these two parameters 32, 33 .
In this work, we present the study of SMR in Pt/Fe 3 O 4 bilayers at cryogenic temperatures and identify a dependence of the SMC on the interface morphology. To clarify that dependence, we tune the morphology of the Pt/Fe 3 O 4 interface by controlling the growth conditions of the Fe 3 O 4 films, including the film thickness, growth technique, and post-annealing processes, while maintaining consistent magnetic and structural properties of the films. The surface morphology of the Fe 3 O 4 is characterized and quantified using atomic force microscopy (AFM). Field-dependent and angular-dependent magnetoresistance (FDMR and ADMR) measurements support the observation of SMR in the Pt/Fe 3 O 4 bilayers. Employing the theory of SMR in NM/FMI heterostructures, we determine the real part of the SMC at the Pt/Fe 3 O 4 interface and demonstrate that the morphology of the Fe 3 O 4 film plays a determinant role in its magnitude. Table 1 summarizes the results obtained using AFM for the five samples. The five different growth conditions (samples A, A1, B, B1, and C) allowed us to achieve a surface roughness of the Fe 3 O 4 films that ranges from 0.42 nm to 1.1 nm, while maintaining consistent ferromagnetic and structural properties of the films. SMR is sensitive to the structural details at the interface, and ensuring that the films have comparable properties is important for the evaluation of the SMR signals of the different samples. The Fe 3 O 4 films deposited using both deposition techniques are highly textured and have similar magnetic moment per unit volume (see Sup. Fig. S2 for the magnetic hysteresis loops, and Sup. Fig. S3 for the structural characterization of the films).
Results
Regarding the electrical characterization of the samples, Fig. 1c,d show the temperature dependence of the longitudinal resistivity, ρ, of the Pt/Fe 3 O 4 Hall bars for the samples with the smoothest and roughest Fe 3 O 4 films, namely samples A and C. The resistivity measurements were performed from T = 300 K down to T = 77 K, within the experimentally accessible conditions using liquid nitrogen cooling (see Methods). In Fig. 1c , the 3-nm-thick Pt film of sample A dominates the transport behavior over the 4-nm-thick Fe 3 O 4 film, with the resistivity of the sample exhibiting a metallic temperature dependence. Sample C (Fig. 1d ) exhibits a semiconductor-like temperature dependence because of the extra conduction channels introduced by the 40-nm-thick Fe 3 O 4 film that compete with the shaped Pt layer (see Sup. Fig. S4 for the temperature dependence of Fe 3 O 4 films). However, at temperatures close to the Verwey transition of the Fe 3 O 4 (T V = 125 K) 34, 35 , the contribution of the Fe 3 O 4 channel greatly decreases, and Pt dominates the conductance of the sample. For this reason, the resistivity for both cases (samples A and C) converges at ~ 7 × 10 −5 Ω cm at temperatures below 100 K, on par with the resistivity reported for high-quality Pt films used in SMR experiments of other works 10, 15 . The electrical characterization strongly suggests that for the surface roughness present in our samples, 2-to 3-nm-thick Pt layers are enough to ensure the coverage of the surface, forming high-quality, conducting, and metallic films. This is an important feature, since in the framework of SMR the non-magnetic metal thickness should be thin enough to allow for the generation of a spin accumulation at the interface with the FMI. The insulating state of the Fe 3 O 4 film at low temperatures leads us to focus the study of the SMR at temperatures below the Verwey transition of x y z , in the direction transverse to the charge current and parallel to the film plane. In Fig. 2a ,b, we depict qualitatively the SMR mechanism in a NM/FMI bilayer for the cases when m y = 0 and m y = 1, respectively. For m y = 0, the spin current is transmitted across the interface, and when m y = 1, the reflected spin current generates an additional charge current via ISHE that decreases the total resistivity 12, 14 . In Fig. 2c , where W is the width of the channel (50 μm). In our samples, we define the x-axis parallel to the current injection path, the z-axis normal to the film surface, and the y-axis perpendicular to both following a right-hand rule.
To confirm the presence of SMR in our samples, we performed FDMR and ADMR measurements. Figure 2d ,e, and f show the FDMR of samples A, A1, and C, respectively, at T = 77 K, with the external magnetic field applied parallel to the x, y, and z-axes (see Sup. Fig. S5 for the FDMR of samples B and B1). As stated before, at temperatures lower than T V , the resistivity of Fe 3 O 4 is higher than the resistivity of Pt 34 , minimizing the current shunting through the Fe 3 O 4 layer and respective anisotropic magnetoresistance effects 17 . Starting with sample A (Fig. 2d) , when the magnetic field is applied parallel to the x-and z-axis, H // x and H // z, respectively, the resistivity increases with the increase of the external magnetic field, saturating in both cases at ρ ∼ 690.15 × 10 −7 Ω cm. Noticeably, when the magnetic field is applied along the z-axis, H // z, the resistivity saturates at higher fields than for the case when H // x. This is because of the additional contribution of the shape anisotropy of the Fe 3 O 4 film. The SMR theory fits well both cases. The decrease of the y-component of the magnetization (with the increase of the external magnetic field) is accompanied by an increase of the resistivity, which saturates once the magnetization saturates along the x and z-axes, as expected from Eq. 1. When the magnetic field is applied along the y-axis, H // y, the resistivity decreases with the increase of the magnetic field, saturating at ρ ∼ 689.85 × 10 −7 Ω cm. Again, this goes in line with the expectation from Eq. 1 that the resistivity should decrease with the increase of the y-component of the magnetization, saturating once the magnetization saturates 36, 37 . The data obtained from the three FDMR measurements strongly suggests the presence of SMR. Evaluating the data according to Eq. 1, we find for sample A that ρ 0 ∼ 689.85 × An additional method to demonstrate and confirm the presence of SMR is to perform ADMR measurements 15, 38 . In ADMR measurements, one sets the magnitude of the applied external magnetic field such that the magnetization of the FMI layer saturates in its direction (see Sup. Fig. S2 for the hysteresis loops), and then measures the resistivity as a function of the angle formed between the external magnetic field and the sample. Figure 3a depicts the three different geometries explored, with the rotation of the external magnetic field in the planes formed by the x-y, y-z, and x-z axes quantified by the α, β, and γ angles, respectively (when α = 0, the magnetization lies along the x-axis, and when β, γ = 0 the magnetization lies along the z-axis). Since the y-component of the magnetization should vary only in the cases of an angular dependence in the x-y and y-z planes, the angular dependence in the x-z plane should show no significant change in resistivity. Figure 3b shows the consistency of the experimental data with this argument based on SMR for sample A. The resistivity shows a minimum when the magnetization lies along the y-axis (α, β = 90°, 270°), and a maximum when the y-component of the magnetization vanishes (α, β = 0°, 180°, 360°), with overall dependence proportional to the squared cosine of the angles α and β, as expected from Eq. 1. Both FDMR and ADMR measurements strongly support the observation of SMR in our Pt/Fe 3 O 4 bilayers.
Discussion
The SMR ratio Δρ/ρ 0 relates to the spin transporting parameters of the NM/FMI bilayer by the expression 12, 15 where θ SH, NM is the spin Hall angle, λ NM is the spin diffusion length, σ NM is the conductivity, t NM is the thickness of the NM layer, and G r is the real part of the interface SMC. To determine the interface spin transport parameters between Pt and Fe 3 O 4 , one needs a reliable estimate of λ NM and θ SH, NM of Pt. For this, we followed the work of Sagasta et al. 39 where it is established that the spin relaxation in Pt follows the Elliot-Yafet mechanism, translating into a linear dependence of the spin diffusion length on the conductivity. In the work, the agreement of the spin transporting properties of Pt with the resistivity of devices fabricated with different growth techniques and by different groups provides us the confidence to estimate λ Pt and θ SH, Pt for our samples. According to the conductivity of our Pt films (between 1.43 × 10 4 Ω −1 cm −1 and 2.17 × 10 4 Ω −1 cm −1 ), we estimate the λ Pt to range from 1.4 nm to 2.7 nm and θ SH, Pt to be ~ 0.056, also in agreement with what was determined by other groups using spin pumping and inverse spin Hall experiments 9 . Using Eq. 1 and Eq. 2, we summarize in Table 2 the SMR data obtained for all the samples considered in this work. The determined G r of all samples ranges from 4.96 × 10 14 Ω −1 m −2 to 7.16 × 10 14 Ω −1 m −2 , similar to what has been reported in other NM/FMI bilayers systems, namely Pt/YIG 8, 10, 13, 15, 40 (1.2 × 10 13 Ω −1 m −2 to 1.3 × 10 15 Ω −1 m −2 ), Ag/YIG 41 , (4.5 × 10 14 Ω −1 m −2 ), or Au/YIG 42 (1.9 × 10 14 Ω −1 m −2 ). The dependence of G r on the interface roughness becomes clear in Fig. 4 , where we plot the calculated G r of all samples versus the respective RMS of the Fe 3 O 4 films determined by AFM. Within the explored RMS, G r increases with the increase of roughness. Our data suggests that the reflection/transmission of spins at the interface is significantly altered by the morphology of the Fe 3 O 4 underlayer. While it has been shown before that the crystalline texture of single crystal FMIs has an effect on the SMC 10,41 , (demonstrating how sensitive the SMC is to the atomic arrangement at the surface), it remained to be demonstrated a clear effect of the surface roughness. Using polycrystalline Fe 3 O 4 films with grain size orders of magnitude lower than the width and length of the channel of the Hall bars used in this work, we expect the differences in the atomic arrangement at the surface of each individual grain to be averaged out for the whole device. As stated before, interface roughness has been proposed to enhance the SMC in NM/FM heterostructures by introducing an effective potential from a composite NM 1−x FM x interlayer at the interface 32 . Although we cannot decouple a possible interface-induced spin Hall angle contribution to the SMR 33 , the generalized observation remains that rougher interfaces lead to an increase of G r .
In summary, we have demonstrated the SMR effect in Pt/Fe 3 O 4 bilayers at cryogenic temperatures. From the analysis of the observed SMR, we have shown that the determined G r strongly depends on the RMS roughness of the Fe 3 O 4 film, indicating that the interface morphology of NM/FMI heterostructures is an important parameter contributing to the SMC. Our observations are in-line with previous predictions that the SMC can be enhanced by treating interface roughness as an effective interlayer potential. Since SMC is a critical parameter for various spin-related phenomena in NM/FMI heterostructures, our work suggests that engineering the surface roughness (100) substrates were prepared by cleaning in a bath of methanol at 60 °C and drying with N 2 gas. Afterward, the cleaned substrates were transferred into the ultra-high vacuum (UHV) chamber, and pre-heated at 600 °C for 30 minutes to remove residual impurities. The substrate was then cooled and maintained at 400 °C for the growth of the thin film. Iron high-temperature effusion cells and oxygen cracking cells were used to grow the Fe 3 O 4 thin films at a partial oxygen pressure of 10 −6 Torr. To control the thickness of the films, the evaporation rates were determined using a quartz crystal thickness monitor. The crystal quality during growth was monitored by RHEED (reflection high-energy electron diffraction). For sample C, the multi-layered architecture was prepared in-situ in a home-built UHV-clusters deposition system equipped with MBE and radio-frequency (RF)-magnetron sputtering techniques. The Fe 3 O 4 thin film was deposited using magnetron sputtering on an MgO buffer layer prepared by UHV-MBE. First, a 5-nm-thick layer of Ta was deposited on a SiO 2 /Si(100) substrate by RF-magnetron sputtering, followed by the growth of a 5-nm-thick layer of MgO using UHV-MBE at a temperature of 200 °C, with a deposition rate of 0.0028 nm/s and at a pressure of 2.5 × 10 −9 Torr. Afterwards, the sputtering of Fe 3 O 4 was prepared at a base pressure of 2.3 × 10 −9 Torr, with a flow of 33 sccm of Ar-gas ensuring a stable plasma. The as-grown Fe 3 O 4 films were annealed at 400 °C for 2 hours in vacuum.
In all cases, the Pt Hall bars were deposited in an UHV-MBE chamber by electron-beam evaporation at room temperature, using shadow masking, with a deposition rate of 0.016 nm/s, and at a base pressure of 2.0 × 10 −10 Torr. Surface, structural, magnetic, and electrical characterization. The surface morphology, and the magnetic and structural properties of the Fe 3 O 4 films were characterized using atomic force microscopy (EasyScan2, Nanosurf), vibration sample magnetometry (Quantum Design magnetic property measurement system, MPMS-5XL), and X-ray diffraction and reflectivity (Bruker Discover D8), respectively.
The electrical characterization was performed in a variable-temperature probe station using nitrogen cooling down to 77 K, and with magnetic fields up to 10 kOe. A Keithley 6220 was used as a current source and a Keithely 2182 A as a nanovoltmeter. The angular-dependent magnetoresistance measurements were performed in a Quantum Design physical property measurement system with an in-built low-frequency alternate-current lock-in board. For both cases, standard four-probe measurement schemes were used. 
